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Abstract 
Surface modification of cold-working die steels aimed to enhance wear resistance and fatigue strength has been intensively 
explored by means of diverse technologies. The formation of a hard layer such as CrN, TiN, TiCN, etc. on tool surfaces has 
been widely utilized in machining tools. However, the hard layer has clear interface with the matrix, thereby the delamination 
between the hard layer and matrix often occurs because of a mismatch of the thermal expansion coefficients. Therefore, in this 
study, the formation of cemented carbide composite layer with complex interfaces with the matrix on surfaces of cold-working 
die steel (SKD11) by electron beam irradiation has been investigated. First, the influence of electron beam irradiation on the 
SKD11 surface was studied. After electron beam irradiation, a homogeneous processed layer was formed on the surface of the 
sample. Phase analysis and microstructural observations show that the processed layer is characterized by small dendritic 
structures with austenitic phase and no precipitations are found. Furthermore, in the processed layer, the hardness is improved 
from 200 to 430 HV. This hardening is most likely to be due to grain refinement and solution hardening of carbon and 
chromium atoms into the austenitic phase. Next, the formation of cemented carbide composite layer on the SKD11 surface by 
electron beam irradiation was undertaken. When WC-Co powder was embrocated onto the surfaces of samples, a composite 
layer of WC-Co and matrix was formed through solidification after the irradiation-induced melting. The composite layer shows 
a marble-like texture with WC-rich regions. The hardness of the layer reaches up to 1000 HV, however, it is revealed that there 
exists highly inhomogeneous distribution of WC particles on the irradiated surface. 
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1. Introduction 
The durability of tools and dies for machining processes is becoming increasingly important due to growing 
demands for processing high strength materials. For such purpose, surface modification aimed to enhance wear 
resistance and fatigue strength has been intensively explored by means of diverse technologies. In particular, the 
formation of a hard layer such as CrN, TiN, TiCN, etc. on tool surfaces has been widely utilized mainly in 
machining tools. However, since the hard layer has clear interface with the matrix, the delamination between the 
hard layer and matrix often occurs because of mismatches of the thermal expansion coefficients and other physical 
properties. A composite layer with complicated interfaces between hard material and matrix is desired to avoid 
such a delamination. Cemented carbide has been investigated as a candidate for the composite coatings. So far 
many attempts have been made for WC-Co coatings by high-velocity oxygen fuel (HVOF) thermal spray technique, 
and the detailed microstructure of the coat was studied by Nerz et al. (1992). Later, Chivavibul et al. (2008) newly 
proposed a warm spray technique by reducing the temperature in comparison with conventional HVOF technique. 
More recently, Saha and Khan (2011) obtained a better performance using near-nano crystalline powders. However, 
in these HVOF related techniques, the workpiece subjected to high temperature for rather long time, accordingly, 
the thermal deformations often cause a trouble for high precision tools. Moreover, the WC-Co coatings by HVOF 
still have flat and sharp interface between the coat and substrate. Niino et al. (1987) have proposed a concept of 
functionally graded materials (FGMs) in which no clear interface existed between workpiece and coating materials. 
The composite of WC-Co alloy and steel with the FGM structure has been accomplished by spark plasma sintering 
technique (SPS) by Tokita (2003). The SPS technique, however, cannot apply to the cold-working die with large-
scale and complicated geometry due to the instrumental limitation.  
Electron beam irradiation has attracted much attention to the welding with high accuracy used in such a case of 
the automotive parts. On the other hand, surface treatment of the metal materials by electron beam irradiation has 
been investigated for the surface finishing as reported by Lewis and Strutt (1982).  Recently, further developments 
have been achieved to apply the electron beam irradiation to large-scale treatment for metal mold by Uno et al. 
(2005), for tool steels by Yu et al. (2006), and for WC-Co tools by Okada et al. (2011). In addition, wear resistance 
can also be improved by the electron beam irradiation as reported for high-speed tool steels by Pakhomova et al. 
(1989) and for gear materials by Matossian et al. (1997). 
In this study, the formation of cemented carbide composite layer on surfaces of a cold-working die steel by the 
electron beam irradiation has been investigated. The concept of formation of the composite layer by electron beam 
irradiation is schematically illustrated in Fig. 1. Firstly, hard ceramic particles are supplied onto a metal substrate, 
and then the irradiation results in formation of a melting zone, where the hard particles are involved. Finally, a 
composite layer consisting of the hard phase and substrate metal is formed on the surface of the substrate without 
significant oxidation and thermal deformation. 
 
Fig.1. Schematic drawing of the formation of a composite layer on the substrate surface by electron beam irradiation. 
2. Experimental 
A conventional cold-working die steel, JIS SKD11, was employed as the substrate material. Table 1 shows the 
chemical composition of the SKD11 die steel. Commercially available SKD11 rolled plates of 3mm thickness were 
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cut into 10 x 10 mm sized substrates. A rolling plane of the substrates was polished to mirror surface. For 
fabrication of the cemented carbide composite layer, the starting powders of WC and Co (both have 99% purity and 
ca. 5ȝP diameter, Kojundo Chemical Lab. Co. Ltd., Japan) were weighed to the designated ratio and mixed in an 
ethanol medium. The mixed slurry was embrocated onto the substrate surfaces by brush. After drying, the samples 
were subjected to the electron beam irradiation experiments. The irradiation was carried out by an electron beam 
multi-surface processing machine (e-flash, e-FM-1LB-1VL-C5050; Mitsubishi Electric Corp., Japan) with 
operating power of 40 kV, 4 mA and scanning rate of 10 kHz for 0.04 mm pitch (i.e. 0.4 m/s). Through the whole 
operation conditions, the diameter of electron beam was estimated as ca. 0.2 mm. 
The phase composition of the processed surfaces was determined by X-ray diffraction (XRD). The 
microstructure of the surfaces and cross-sections was observed by scanning electron microscopy (SEM). With 
regard to the elemental distributions of the processed layer, elemental maps were observed by electron probe micro 
analyzer (EPMA). Since the surface hardness is known to influence predominately the wear resistance of dies and 
tools, the depth profiles of hardness were evaluated for the processed samples. The Vickers hardness was 
determined using a Vickers micro-indentation tester with a load of 10gf for 15s; 10 indentation tests were 
performed for each depth.  
3. Results and discussion 
3.1. Influence of electron beam irradiation on microstructure and properties of SKD11 surface layers 
Prior to fabrication of cemented carbide composite layer on the surface, the influence of the electron beam 
irradiation on microstructure and mechanical properties of the SKD11 surface layers was investigated. The SKD11 
is designed to be hardened by martensitic transformation and carbide precipitations of iron and chromium, known 
as double-carbides; mainly M 7 C 3 , where M represents mixture of metal elements. Fig. 2(a) shows the 
microstructure on the surface of SKD11 before electron beam irradiation, where the dispersed precipitations are 
observed as dark gray colored by SEM. After the irradiation, on the other hand, the precipitations disappeared and 
much smaller dendritic structure with domains of different growth directions formed instead, as shown in Fig. 2(b). 
With regard to cross section of the irradiated sample, DKRPRJHQHRXVSURFHVVHGOD\HUZLWKDWKLFNQHVVRIaȝP 
was formed near the surface layer of the sample as shown in Fig. 3(b), where the processed layer has a light gray 
 
Fig. 2. SEM images of the SKD11 surfaces of (a) as-received and (b) EB irradiated (4mA) samples. 
 
Fig. 3. SEM images of cross sections of (a) as-received and (b) EB irradiated (4mA) SKD11 samples. 
Table 1. Chemical compositions of the cold-working die steel (JIS SKD11). 
Grade 
Composition (wt.%) 
C Si Mn P S Cr Mo V 
SKD11 1.40 䡚1.60 䡚0.40 䡚0.60 䡚0.03 䡚0.03 
11.00 
䡚13.00 
0.80 
䡚1.20 
0.20 
䡚0.50 
ᵏᵎȝᶋ ᵏᵎȝᶋ 
(a) (b) 
M7C3 
M7C3 
ᵓᵎȝᶋ 
(a) 
ᵓᵎȝᶋ 
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Fig. 4. XRD patterns of the SKD11 samples with and without 
electron beam irradiation.  
 
Fig. 5. Hardness profile of the electron beam irradiated SKD11 
sample (4mA). 
 
contrast and includes no M7C3 precipitation at all. However, in the processed layer, no precipitations can be 
observed, unlike the non-irradiated sample (Fig. 3(a)). Such microstructural changes are similar to those results 
found in SKD11 with large-area EB irradiation reported by Okada et al. (2010). 
Fig. 4 shows the XRD patterns of the SKD11 samples with and without electron beam irradiations. The 
irradiated surface shows only an austenite (Ȗ) phase, while the original SKD11 rolled sample shows ferrite (Į) main 
phase with small trace of the M7C3 phase. In the Fe-Cr-C phase diagram, the Ȗ phase is a high-temperature phase 
for the corresponding composition and it should exist in the form of Į solid solution and M7C3 phases at room 
temperature. The lattice constant of the retained Ȗ phase is 0.361 nm (Space group: Fm-3m), this value is higher 
than that of pure iron (Ȗ-Fe) estimated as if it exists at room temperature. This strongly suggests that the whole 
carbide precipitations as well as the matrix are melted during the irradiation, then the melt undergoes a subsequent 
rapid solidification after the irradiation. Thus, the Ȗ phase as high-temperature phase should be retained by the 
quench process and the small dendritic structure concurrently grows resulting in the peak broadening of Ȗ phase in 
the XRD pattern as shown in Fig. 4. 
In the processed layer, the hardness is improved from 200 to 430 HV as depicted in Fig. 5. The hardening in the 
SKD11 is generally achieved by the martensitic transformation during a conventional quenching process. However, 
based on the phase analysis, the electron beam irradiated surface evidently shows no martensitic phase. 
Accordingly, the hardening in the irradiated surface layer is most likely to be due to the grain refinement as well as 
the solution hardening induced by carbon and chromium atoms, being in good agreement with the aforementioned 
SEM and XRD results.  
3.2. Formation of the cemented carbide composite layer by EB irradiation 
In order to further enhance the surface hardness, cemented carbide composite layer was incorporated on the 
SKD11 surface. First, WC powder was simply embrocated to the SKD11 surface and then processed by the 
electron beam irradiation. The majority of WC particles were scattered by the electron beam, mainly resulting from 
charging-up induced repulsive force. Thus a small amount of the residual WC particles were adhered on the surface 
as seen in Fig. 6(a). When WC with 17 mass% Co (WC-Co) powder was embrocated onto the surfaces of samples, 
a composite layer of WC-Co and matrix was formed through solidification after melting by the irradiation as shown 
in Fig. 6(b). In the SEM image, the composite layer has a marble-like texture with WC-rich regions observed as a 
bright contrast. The elemental maps on substrate surface of the irradiated sample with WC-Co powder are exhibited 
in Fig. 7. The distributions of W and Co correspond to the bright area in the SEM image, while the C is rather 
homogeneously distributing over the processed layer. The distribution of Co evidently indicates its fulfillment of 
the function as a binder for WC powder. It is noteworthy that the interfaces between WC-rich regions and matrix 
seem fuzzy and complicated, being considered as an ideal interfacial structure in terms of durability of coatings. 
Figure 8 shows the XRD patterns of the electron beam irradiated SKD11 samples with and without WC-Co powder. 
The irradiated sample with WC-Co powder consists of WC, W2C and Ȗ-Fe phases. The W2C is considered to 
originate from the decomposition of WC during the electron beam irradiation by following reaction formula, 2WC 
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ė W2C + C. According to the W-C phase diagram given by Kurlov and Gusev (2006), the surface temperature 
during the irradiation process must be over the WC decomposition temperature of 2750 ÛC at least.  The generation 
of C by the decomposing reaction is also implicated in the rather dispersed distribution of C in processed layer 
determined by EPMA analysis. Based on the phase analysis of the irradiated sample with WC-Co powder, the 
presence of certain content of residual Ȗ phase means there must be uncovered areas by the WC-Co coating.  
The hardness of the surface layer reaches up to 1000 HV as seen in Fig .9. Here, the difference in hardness of 
the matrices for the two samples in Fig. 9 is about 60 HV and is considered to be a deviation of substrates. 
Conventional WC-Co alloys are known to have the hardness ranging from 1000 to 1800 HV which depends on the 
Co concentration. Consequently, the hardening is reasonably attributed to the formation of the composite layer of 
WC-Co powder and the substrate material. Furthermore, the hardness values near the surface, roughly 50ȝP in 
depth, show anomalously large deviation compared to that of the sample without WC-Co. Taking into account the 
XRD result for the composite layer, there must exist a severe inhomogeneity in the WC particle distribution. 
Therefore, the large deviation of hardness in the composite layer can be explained by the inhomogeneous 
distribution of WC particles on the electron beam irradiated surface. More amounts of WC particles should be 
included in the composite in order to reduce the inhomogeneous distribution and to enhance hardness as well. 
Further investigation focusing on interactions such as wettability between the ceramic particles and the molten 
alloy during the irradiation process is indispensable for the enrichment of the particle concentration in the 
composite layer. 
 
Fig. 6. SEM images of cross-sections of electron beam irradiated SKD11 samples with (a) WC and (b) WC-Co powders. 
 
Fig. 7. Elemental maps on substrate surface of the electron beam irradiated SKD11 sample with WC-Co powder. 
    
Fig. 8. XRD patterns of the electron beam irradiated SKD11 samples with and without WC-Co powder. 
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Fig. 9. Hardness profile of the EB irradiated SKD11 samples with and without WC-Co powder. 
4. Conclusions 
Electron beam irradiation technique was applied to the surface modification of the cold working die steel 
(SKD11). The EB irradiation induces microstructural and phase changes on the SKD11 surface through melting 
and subsequent rapid solidification, resulting in both microstructural refinement and solution hardening, thereby 
the hardness was enhanced from 200 to 430 HV. The formation of cemented carbide composite layer can be 
achieved by combination of the WC-Co powder embrocation and the electron beam irradiation technique. The 
composite layer shows a marble-like texture with WC-rich regions. The hardness of the processed layer reaches up 
to 1000 HV, however, it also shows the anomalous deviation caused by the inhomogeneous distribution of WC 
particles on the surface. 
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